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Abstract 
Space heating accounts for large percentage of building energy consumption, which may cause air quality 
deterioration in cold climate area. Solar energy systems and ground-source heat pumps are two promising means of 
reducing the consumption of fossil energy and the emission of green-house gas. Taking a typical office building at 
Tianjin as an example, the application of solar heating system assisted by ground-source heat pumps was studied. 
The entire system was modelled via the TRNSYS simulation environment and the energy performance was 
evaluated based on the winter time operation schedule. It shows that the overall system COP can reach 8.17 and the 
heat pump COP is increased. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Due to concern on climate change and resource depletion, the utilization of solar energy for space heating has 
attracted increasing attention in the energy system design of buildings. However, it has the disadvantage of 
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discontinuity and it can be easily influenced by climate. From this point of view, the solar heating system assisted by 
ground-source heat pump system appears advanced, in that not only the space heating can be reliable but also the 
efficiency of the heat pump system can be enhanced for the increase of the soil temperature. 
In recent years, many studies have been on the direct use of solar thermal collectors for space heating [1,2]. On 
the other hand, some investigations have been conducted on the designs, numerical simulations and experimental 
tests of solar assisted heat pump systems for general applications [3-5]. However, it appears that the evaluation of a 
solar heating system assisted by ground-source heat pumps for space heating in cold region is very limited. In the 
present study, the energy performance of a solar heating system assisted by ground-source heat pumps for a typical 
office building in Tianjin has been investigated from basic design to annual performance using numerical simulation. 
  
Nomenclature 
Ac solar collector area, m2  
B1 the average daily hot water per aperture area, L/(m2 day) 
Cp specific heat, kJ/(kg K) 
G solar irradiance, W/m2 
JT average daily solar radiation, kJ/(m2 day) 
UIP  refrigerant mass flow rate, kg/s 
Pall power consumption of system, kJ/h 
Php power consumption of heat pump, kJ/h 
Pcomp compressor power consumption, kJ/h 
Pfan  fan power consumption, kJ/h 
Ppump pump power consumption, kJ/h 
Qcond heating capacity of condenser, kW 
VE  volume of the solar tank, m3 
FGK  collector efficiency determined by practical testing, 
LK  heat loss coefficient of hydraulic piping system. 
2. System description 
The solar heating system assisted by ground-source heat pump is mainly consists of three subsystems, which are 
solar heat collection subsystem, ground heat exchanger (GHE) subsystem and heat pump subsystem. The novel 
heating system designed for the office building is shown in Fig. 1, in which GHE and solar collectors are installed in 
series. When working, fluid flows through GHE, and then enters solar collectors. Solar collectors can reheat the 
working fluid heated by GHE. 
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Fig. 1. Schematic of solar heating system assisted by ground-source heat pump system. 
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3. System design and evaluation methods 
The office building selected for the present study is located in Tianjin. The building has space of 2160 m2. From 
8:00 am to 18:00 pm, the indoor temperature of the building is set at 18ć. The heating system will run from 
November 15 to March 15, a total of 120 days, 2880 hours.  The heating load of the office building is 248744 MJ in 
one year. The software TRNSYS was used for a numerical simulation and the heating load of the office building is 
248744 MJ in one year. Design of each component in the system is designed as follows: 
3.1. Estimation of the required solar collector area 
For the initial design of the system, the main parts of system were selected under steady condition. Firstly, the 
required solar thermal collector area was estimated, which depends on several factors, including the daily heating 
load of the office building, solar collector characteristics, and climatic conditions. The area of solar collector is 
determined by: 
)]1(/[24 LcdTC JQfA KK                                                                                                                   (1) 
where Ac is the total collector area; f is the general solar fraction of the specific climatic zone; Q is the daily 
heating load; JT is the average daily solar radiation level; /K is the heat loss coefficient of the hydraulic piping 
system, and for the well-insulated case, /K  = 0.2; FGK  is the collector efficiency determined by practical testing, 
and in this study, FGK = 0.38 
3.2. Determination of the solar tank volume 
The solar tank is used to heat and store the solar hot water and to provide the re-heated water to the office 
building. The volume of the tank was determined under steady condition, which can be calculated as 
VE=AcB1                                                                                                                                 (2) 
3.3. Heat pump system model 
In the heat pump unit, the heating capacity of the condenser can be calculated by 
)( inoutrfcond hhmQ                                                                                                                                  (3) 
where UIP is the mass flow rate of refrigerant; hout and hin are the refrigerant specific enthalpy at the inlet and outlet 
of the condenser. 
The energy consumption Php of the heat pump unit is the total energy consumed by the compressor, the fans and 
the water pumps during the period, i.e. 
 pumpcomphp PPP 6                                                                                                                                     (4) 
where Pcomp and Ppump are the power consumptions of the compressor and the water pumps respectively. 
3.4. Evaluation methods 
The COPsys is defined as the ratio of the total heat from solar and heat pump to the total electrical energy 
consumed: 
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                                                                                                                                          (5) 
QT is the total heat from solar and heat pump. Pall is the total electrical energy consumed in a computation period 
by all of the pumps and compressors. Computation period is one heating season. In the systems proposed in this 
paper, the electricity consumption will include that of the solar circulation pump, the source circulation pump, the 
load circulation pump and the compressor. The COPsys defined here will be an average value in the computation 
period. With the integral function of TRNSYS, the COPsys can be calculated to evaluate the influence of the 
operation parameters on the system performance and to find the optimized parameters. Similarly, 
COPhp is defined as: 
hp
cond
hp P
QCOP  
                                                                                                     (6) 
4.Results and Discussion 
In this paper, TRNSYS was used to simulate and to analyze the system. The characteristic of the software is 
modular analysis. Any thermal energy transfer system is divided into a number of modules. Users call the modules 
with specific functions and input the parameters. Then these modules can simulate certain systems, finally the 
results of transient simulation can be output and analyzed. Fig. 2 illustrates the programs of the solar heating system 
assisted by ground-source heat pumps. 
 
 
Fig. 2. Program of solar heating system assisted by ground-source heat pump system 
Fig.3 shows the daily variation of the solar hot water temperature, supply water temperature, the indoor air 
temperature and the outdoor air temperature of a typical sunny day in mid-January. It can be seen that the outdoor 
temperature Tout at daytime varies from -15 to 0 ć. During the system operating period, the hot water temperature 
of the solar collectors Tso can achieve almost 52ć when there is water flow in the solar loop. The supply water 
temperature Tsp of the heating system could be maintained between 30 and 35 ć, which is slightly higher than the 
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hot water final supply temperature because of the distribution heat losses. The indoor air temperature Tin keeps 
within the desirable range during the operating period. 
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Fig. 3. Daily variation of solar radiation and operating temperature conditions. 
Monthly collector efficiency FROP  is the ratio of the useful energy gain Qsolar to the solar energy available at the 
collector surface, i.e. 
GA
Q
C
solar
col  P
                                                                                                    (7) 
The monthly energy performance of the system is shown in Fig. 4 and Fig. 5. Qsolar represents the useful heat 
gain of the collectors. Pall represents the sum of the energy consumption of the compressor and pumps in the novel 
heating system. It can be observed that the variation of the heat gain of the solar collectors agree well with the 
incident solar radiation. Higher collector efficiency was obtained in February and March, when the solar radiation is 
also high. The highest collector efficiency is found 0.45 in March and the mean collector efficiency during the 5-
month operating period is 0.42. The system COP is fairly constant during the operating period and is within the 
range of 7.88̚8.17. 
 
0 1 2 3 4 5 6 7 8 9 10 11 12 13
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
 μ col
 G
Month
Ef
fic
ie
nc
y
100
200
300
400
500
600
700
So
la
r 
R
ad
ia
tio
n(
M
J/
m
2 )
 
1411 Zhigang Wang et al. /  Procedia Engineering  121 ( 2015 )  1406 – 1412 
Fig. 4. Monthly thermal efficiency of solar collectors and the available solar radiation. 
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Fig. 5. Monthly system energy consumption and the system COP. 
Fig. 6 shows the thermal performance of the heat pump system. Qhp is the total heat supplied by the heat pump; 
Php is the sum of the energy consumption of the compressor and pump in the heat pump system. The monthly 
variation of the heat pump COP is in the range of 4.28̚4.36 during the operating period. The hot water production 
through the condenser of the heat pump could compensate the hot water supply from the solar source when the solar 
radiation is insufficient during heating period. This can be observed in Fig.5 and Fig.6. 
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Fig. 6. Monthly heat pump energy consumption and the heat pump COP. 
5.Conclusions 
This study investigated the application potential of solar heating system assisted by ground-source heat pumps for 
space heating under the cold climatic condition of Tianjin. The simulation results indicate that the system has a good 
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all-weather provision of space heating. And it can make full use of solar energy with high-quality energy saving and 
pollution reduction, result in good social and economic benefits. 
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